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There are innumerable 'biological complexity measure's. While some of these 
measures contradict each other, general patterns emerge from other attempts 
to represent biological complexity. Nevertheless, a single measure to encompass 
the seemingly countless features of biological systems, still eludes the students 
of Biology. It is the pursuit of this paper to discuss the feasibility of finding one 
complete and objective measure for biological complexity. A theoretical con- 
struct (the 'Thread-Mesh model') is proposed here to describe biological reality. 
It segments the entire biological space-time in a series of different biological 
organizations before modehng the property space of each of these organizations 
with computational and topological constructs. Acknowledging emergence as a 
key biological property, it has been proved here that the quest for an objective 
and all-encompassing biological complexity measure would necessarily end up 
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in failure. Since any study of biological complexity is rooted in the knowledge 
of biological reality, an expression for possible limit of human knowledge about 
ontological biological reality, in the form of an uncertainty principle, is proposed 
here. Two theorems are proposed to model the fundamental limitation, owing 
to observer dependent nature of description of biological reality. They explain 
the reasons behind failures to construct a single and complete biological com- 
plexity measure. This model finds support in various experimental results and 
therefore provides a reliable and general way to study biological complexity and 
biological reality. 



Keywords : Biological threshold levels; thread-mesh model; biolog- 
ical space-time; biological uncertainty principle; observer-dependent 
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1 Introduction 



Biological complexity measures are many [Edmonds, 1999 . While all these mea- 



sures are useful (because they quantify certain aspects of the biological systems) , 
in many of the cases, they tend not to consider the gamut of properties that 
a complex system is known to possess in general (emergence, near-neighbor 
interactions, non-linear functional dependencies, feedback loops - to name a 
few) [Hazen et al., 2067| . The words 'complexity measure' or 'complexity in- 
dex' have become almost synonymous with some kind of marker for the complex 
system under observation [Chiappini et al., 2005[ [Banerji and Yeragani, 2003] . 
Although a review of all the methodologies proposed for the studies of biologi- 
cal complexity is not the objective behind this work, it assumes importance to 
capture a glimpse of the spectrum of significant outlooks prevalent in contem- 
porary studies on the subject. Such glimpse exposes us to the glaring nature of 
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contradictions among the existing complexity measures. 

Description length, in some way or other, forms the basis of most of the com- 
plexity measures [Lofgren, 1977| . The strict and classical measure of complexity, 
namely the KCS definition [Kolmogorov, 19651 [Chaitin, 1966HSolomonoff, 1964| 
states that for a universal Turing Machine, the KCS complexity of a string of 
characters describing it will be given by the length of the shortest program 
running on it that generates the description. However, apart from the the- 
oretical problem of being non-computable to obtain any reasonable practical 
estimate jBadii and Politi, 1997| ; the implication of KCS complexity measure, 
namely, to contain maximum information the sequence concerned should be 
absolutely random [Gellmann, 1994| , contradicts the nature of biological organi- 
zations completely. The case of one jHinegardner and Engelberg, 1983] measure 
of (structural) complexity, which builds upon the KCS paradigm and counts 
the number of different parts that a system contains, highhghts the aforesaid 
contradiction. The criticisms to this measure are threefold; first, it is difficult to 
identify the "parts"; second, the so-called 'C value paradox' jThomas, 1971| and 
third, ambiguous results originating from 'coding-non-coding ratio'. To elabo- 
rate a little, C value paradox suggests an absence of correlation between pheno- 
typic complexity with total size of the genome (even though the plant Psilotum 
nudum is widely viewed as easy to understand than the plant Arabidopsis, 
the former has 3000 times as much DNA; similarly the phenotypic complexity 
of a lungfish(C ^ 1.4 x 10^^ base-pairs), has been counted to be higher than 
phenotypic complexity of us, the Homo Sapiens{C ^ 3.4 x 10^ base-pairs)). 
On the other hand, confounding results arise out of 'coding-non-coding ratio' 
too. The use of the number of protein-coding gene as a measure of biological 
complexity would make urochordates and insects less complex than nematodes; 
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and alsos, humans less complex than rice. The inadequacy of applying this 
school of thought to compute biological complexity is discussed by Szathmary 
jSzathmary et al., 2001| . 

From the paradigm of DNA base-pairs to the realm of ecology, the theme of 
construction of a complexity measure for biological systems, only to be regarded 
subsequently as either erroneous or ill-suited for biological considerations, ap- 
pears recurrent. One approach |Uso et al., 2000| had measured ecological com- 
plexity by counting number of synonyms for a particular process, comparing 
between models that describe same set of executed behaviors. However, it was 
recognized very soon [Barnstad et al., 2001| that not only the information re- 
garding who is interacting with whom but also the information related to the 
strength of various (time-dependent) coupHng schemes is what should be taken 
into account. Soon after, still another approach bearing a distinct similarity 
with Hinegardner's philosophy jAnand and Tucker, 2003| surfaced and asked 
the question "if diversity is a part of complexity, then should not biodiversity 
be a part of biocomplexity?". Evolution of these ideas clearly demonstrate 
that while none of the proposed complexity measures might be wrong, none of 
them can encompass all the aspects pertinent to the system under consideration. 

Incompleteness of a complexity measure and subsequent renunciation of it (con- 
tradicted by another complexity measure or otherwise) is nowhere more promi- 
nent than in the paradigm of biological sequence related complexity measures. 
Even a fleeting glimpse at the linguistic approaches enables us to appreciate 
the extent of discord between them. From the rather simple and particular 
model of alphabet symbol frequencies jWootton and Federhen, 1996| to general 
algorithm concerning clustering characteristics of cryptically simple sequences 
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I Alba et al., 2002] , from popular approaches for evaluation of the alphabet ca- 
pacity with the help of combinatorial complexity and linguistic complexity 
jMilosavljevic and Jurka, 1993[ [Gabrielian and Bolshoy, 1999| to a complexity 
measure based on text segmentation by Lempel and Ziv [Lempel and Ziv, 1976| 
and subsequent modifications [Gusev et al., 19991 |Chen al., 1999| , from stud- 
ies in stochastic complexity jOrlov et al., 2002] to approaches related to gram- 
matical complexity [Jimenez et al., 20^ ; numerous approaches of linguistic 
complexity with potential relevance to biological systems have been explored. 
With a different onus, identification and characterization of low text com- 
plexity regions that might be functionally important, was studied by many 
jHancock, 2002||Wan and Wootton, 2000t [Chuzhanova et al., 2000] , where low- 
complexity regions have been identified as regions of biased composition con- 
taining simple sequence repeats {Hancock, 2002|[Tautz et al., 1986[ . But even in 
the sphere of this sub-approach, several differences of opinions prevail. Cox and 
Mirkin jCox and Mirkin, 1997| differs from Tautz [Tautz et al., 1986] in assert- 
ing that the stretches of sequences having imperfect direct and inverted repeats 
should be also considered as the sequence with low complexity. A review of many 
of these methodologies that had attempted to construct complexity measure for 



sequence level biology can be found in a recent work Abel and Trevor, 2005 



Other than the linguistic framework, the information theoretic and graph 
theoretic approaches are also used extensively to address the notion of biological 
complexity. When the former relied principally upon the notion of compositional 
diversity; the later, coupled with control theoretic tool-set, could investigate 
structural or topological complexity of many dynamic systems. To provide some 
characteristic examples, at the level of networks, Palsson jPapin et al., 2002] de- 
fined a pertinent algebraic structure, the 'extreme pathway', to characterize its 
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length as the size (complexity marker) of the corresponding flux distribution 
map. Considering topological "diversity" of the assigned graphs as functional 
flexibility of network concerned, Hildegard Meyer-Ortmanns [Hildegard, 2003| 
had proposed another useful complexity measure. On a flrm graph theoretic note 
Bonchev [Bonchev, 2003| has identifled some signiflcant complexity markers by 
characterizing the networks with respect to connectedness, subgraph count, to- 
tal walk count, vertex accessibility, etc.; before observing that the information 
theoretic index can also serve to assess the compositional complexity of a net- 
work. However, innovative as they are, none of these measures have found 
consistent usage in the biological treatise; hinting perhaps at their Hmitations 
with respect to general applicability in biological realm. 



Apart from these, the other complexity measures with a distinct background 
of Physics, have also been proposed. Bennett [Bennett, 1988| wanted to cir- 
cumvent the problems associated with KCS school of complexity measures by 
defining a measure based on the degree to which the information has been 
organized in a particular object. This method named 'logical depth' had at- 
tempted to measure the time needed to decode the optimal compression of 
the observed data. However this was bounded from below by the magnitude 
of another complexity measure |Grassberger, 1986 which quantifies the mini- 
mal information one needs to extract from the past in order to provide op- 
timal prediction. The complexity measure due to Wolpert and MacReady 
jWolpert and MacReady, 1997| , namely 'self dis-similarity', had attempted to 
fuse information theory with statistical inference. It wanted to attribute the 
variation of spatio-temporal signatures of systems at different scales (instead 
of mere cardinality of them) to the complexity marker for it. But regardless 
of their theoretical elegance, none of these aforementioned measures have been 
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considered by the biologist fraternity for much practical applicability, which 
tends to suggest that all these measures have (probably) failed to distinguish 
between general biological cases beyond some simple ones. 

A complexity measure proposed in recent past by Hazen [Hazen et al., 2007] 
presents itself as one that respects the entanglements of biological systemic fea- 
tures seriously. This attempt revolves around the measurement of complexity of 
a system in terms of the 'functional information'; in other words, measurement of 
the information required by the system to encode a specific function. It appears 
to share similar mathematical philosophy as another sequence-based complex- 
ity measure, namely the T-complexity [Ebeling et al., 200T] . The T-complexity 
works by counting the numbers of steps required by an alphabet set to construct 
a string. However, it has been proved conclusively |Fei and Adjeroh, 2004| that 
T-complexity is rather inefficient to describe the biological complexity, even 
when viewed at one-dimensional sequence level merely. 



The discussion of above helps us to identify two significant problems with the 
construction of complexity measures in many cases. First, the context depen- 
dent nature of biological systems is addressed rather incompletely in many of 
the complexity measures and second, many of these measures are constructed 
on the basis of observer dependent description of biological reality. Although it is 



widely agreed upon Mahner and Kary, 1997, Kaneko, 1998, Andrianantoandro et al., 2006 



[Marguet et al., 2007| that there can't be a biological complexity measure with- 
out consideration of the context dependence (because function of any biolog- 
ical system itself is context dependent), many measures do not take it into 
account [Hinegardner and Engelberg, 1983"] . The second problem concerns the 
fact that definition of many of the complexity measures seem to arise from 
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the observer's choice of, what he considers, important properties of the system 
[Fluckiger, 1995| . These predilections of observer jCornacchio, 1977l|Bar-Yam, 2004] 
often revolve around description of systemic property under consideration from 
the reference frame of an observer and not from the reference frame of the system 
itself. Consequently, the defined complexity measure tends not to be intrinsic to 
the system being studied but depends on extrinsic state (properties) of the ob- 
server, as well as on his preferences to study certain aspects of system concerned. 

These two extremely important aspects of context dependence and observer dependence 
were however not entirely unaddressed. Gellmann [Gellmann and Lloyd, 1996] 
argued that the description of the ensemble is also determined by a number 
of external factors; which depend on who (the observer) is describing. Prom 
a different perspective Adami |Adami, 2002| had noted that many of the ab- 
stract measures for biological complexity "do not appear satisfactory from an 
intuitive point of view" and proposed a measure ('physical complexity') that 
owes it's root to the automata theory but is smart enough to bypass the prob- 
lems of KCS measure of complexity by identifying genomic complexity with the 
amount of information a sequence stores about it's environment. The context 
dependence of this measure is its most interesting feature. The implicit start- 
ing point of Adami's work is to recognize that there can be no such thing as 
biological complexity in the absence of context (which incidentally is in contra- 
diction to the views expressed in the construction of another complexity measure 
[Roman et al., 19*98] ), because biological function itself tends to be context de- 
pendent. It has been shown recently that 'physical complexity' can estimate 
both structural and functional complexity too, at least for some particular bi- 
ological macromolecules [Carothers et al., 2004| . However, as has been noted 
by Seth jSeth, 20^0] , in Adami's measure the observer of complexity becomes 
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the environment itself and therefore enables the measure to assert that it is a 
measure of the information about the environment, that is coded in the one di- 
mensional biological reality, viz. the sequence. The problem with such assertion 
has been discussed in details by Seth jSeth, 2000] . Furthermore, although be- 
ing biologically more relevant than many other suggested complexity measures, 
'physical complexity' has been found to be difficult to evaluate in general prac- 
tice except for some particular cases. Thus, although theoretically impressive, 
this measure too has not found widespread use amongst the biologist fraternity. 

Hence it can be clearly seen that even after exhaustive research from various per- 
spectives, no clear definition of biological complexity measure has emerged hith- 
erto; as have been admitted in some recent works jHazen et al., 2007[|Hulata et al., 2005[ 
[Bialek et al., 2001] . In fact, as it is evident from the discussions above, the entire 
field is burdened by numerous counterclaims and possible sources of contradic- 
tions. Since biological complexity measures try to represent biological reality, a 
closer examination of these contradictory nature complexity measures reveal the 
contradictory nature of biological reality, as perceived by observers. Examples 
of such contradictions about biological reality are provided later (Section 2.4.3), 
with (possible) reasons behind such contradictions. But before delving into 
those details, we can note that there are exists two clear clusters of biological 
complexity measures in the confusing ensemble of them. One cluster comprises 
of complexity measures that recognize emergence as a property of biological sys- 
tems and the other which do not. Since emergence has been conclusively proved 
to be an unmistakable feature of any complex adaptive system (true character- 
ization of biological systems) |Hazen et al., 2007[ [Bar- Yam, 2004[ [Ricard, 2004[ 
IGellmann, 1994| ; we can, from now on, justifiably limit ourselves to only the set 



9 



of complexity measures that pay adequate importance to biological emergence. 



Acknowledging emergence as an important biological property, a toy model (the 
'Thread-Mesh model') to describe biological reality is proposed here. With the 
help of this model it has been proved here (algorithmically and topologically) 
that the nature of biological reality is observer-dependent, time-dependent and 
context-specific. Since any biological complexity measure attempts necessarily 
to depict the biological reality (in some way or other), the Thread-Mesh model 
proves that no biological complexity measure can be constructed that is objec- 
tive and complete in its description of biological reality. Furthermore, it proves 
that the reason for having so many biological complexity measures and so many 
(possible) contradictions in them is due to the subjective and incomplete views 
of biological reality, as captured by the observers. 



2. Description of biological reality with the 
Thread-Mesh model : 

Thread-Mesh model (TM model) segments the biological space-time into a series 
of different biological organizations, viz. the nucleotides; amino acids; macro- 
molecules (proteins, sugar polymers, glycoproteins); biochemical networks; bio- 
logical cell; tissue; organs; organisms; society and ecosystem; where these orga- 
nizational schemes are called threshold levels. Emergence of a single biological 
property (compositional or functional) creates a new biological threshold level 
in the TM model. Thus, if any arbitrarily chosen i**" biological threshold level 
is denoted as TH^, THi_|_i will be containing at least one biological property 
that THi didn't possess. Somewhat similar schemes of identification of bio- 
logical threshold levels is neither new [Testa and Kier, 2000 Dhar, 2007] nor 
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unique and there can be many other intermediary threshold levels too (consid- 
ering the fact that existence of one emergent thread distinguishes THi_|_i from 
THi). For example, at high resolution one can consider the secondary, tertiary, 
quaternary structures too as separate threshold levels that exist between amino 
acids and the proteins. The basic principles for subsequent discourse, however, 
aro gonoral and can be applied to any threshold level. Every possible property 
that a threshold level is endowed with, is represented by a 'thread' in the TM 
model. Thus an environmental property will be called as an 'environmental 
thread' in the present parlance. Threads can be compositional, structural or 
functional. For example, for the biological threshold level corresponding to the 
enzymes (threshold level representing the macromolecules) , one of the compo- 
sitional threads is the amino acid sequence; whereas the radius of gyration, the 
resultant backbone dipole moment and each of the bond lengths, bond angles, 
torsion angles are some examples of structural threads and the values for Km, 
Vmax, Kcat are some examples of it's functional threads. 

2.1) Components of TM model : 

Any biological system to be studied and the observer who is interested to study 
some properties of that system, both contribute to the formation of the thread 
mesh. Threads in the thread-mesh space of any threshold level can be classified 
in 3 types : 

Type 1) The systemic threads, which represent the compositional, structural 
and functional properties of any threshold level of only the biological system 
under consideration (excluding the pertinent environmental features that might 
interact with the tresliold under consideration); 

Type 2) The environmental threads, which represent all the relevant proper- 
ties of environment (structural and/or functional) that can potentially interact 
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with the systemic threads belonging each and every threshold level, exhaus- 
tively. It is purely biological to expect that different subsets of the gamut of 
environmental threads will be relevant for operations with different threshold 
levels of the biological system under consideration (an environmental thread 
that is important for helping certain operations at the threshold level of tissues, 
might not be relevant at the threshold level of nucleotides and so on ..) 
and 

Type 3) The observer threads, representing the observer (along with his 
observational (experimental) tool-set). Although the observer himself is repre- 
sented by the threshold level of an individual organism, the entire set of observer 
threads can interact with thread set representing any threshold level of the bi- 
ological system. It is easy to see that a partial symmetry results when (in the 
special case), the observer observes the 'organismic' threshold level, because 
the observer himself exists at the 'organismic' threshold level (consciousness of 
tissue or proteins haven't been reported hitherto). However even this symme- 
try will not be complete, because the type-3 threads will be characterized by 
threads emanating from experimental tool-sets too, which the type-1 threads 
are devoid of. 

The myriad possible interactions between first and second type of threads in 
thread-mesh space, account for the context specific nature of biological reality 
to a great extent. The other kind of context dependence obviously originates 
from the nature of interactions between type 1 threads only. 

The relevant question at this point might be : "what is the general nature of 
properties that we can measure concentrating on any one threshold level?" Only 
the threads representing strong emergent patterns would be more probable to 
interact with observer's thread set and thus will make their presence felt to the 
observer. As a result, only some of the properties for a particular threshold level 
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will be noticed while some other subdued systemic features will not be known 
to us. 

2.2) Assumptions of Thread- Mesh model : 

Assumption 1) Tho systemic properties will be conserved; that is, no systemic 
thread can be found that destroys itself without any trace at the higher thresh- 
old levels. 

In other words, the TM model states that a systemic thread (a systemic prop- 
erty, structural or functional) representing biological threshold level THj should 
either preserve itself as it is at the threshold level THi_|_i, or it will merge with 
some other thread (systemic property or environmental property) representing 
THj, to construct systemic property representing THi_|_i. But no biological 
property can vanish from the thread-mesh space. On the other hand, a new 
systemic thread can always emerge at any threshold level THj+i as an entirely 
novel one. But once present, the lineage of the property can always be perceived 
on the higher threshold levels. 

Assumption 2) The systemic thread set representing any threshold level is 
constant, but the observer thread set interacting with it varies with time and 
context. 

In other words, the total number of threads that define any threshold level THx, 
say N (all possible compositional and functional threads of the system along 
with all possible environmental threads that have a probability to interact with 
the systemic threads, under all possible contexts that the biological threshold 
might experience); must be time-invariant for that particular threshold level. 
This implies that the volume of the thread-space representing any biological 



13 



threshold-level will be constant. Observer's thread set that can interact with 
N, in contrast, is variable. More interaction of the observer's thread set with 
N will account for more completeness of our knowledge about N, similarly less 
interaction of the observer's thread set with N will account for less completeness 
of our knowledge about N. 

This assumption of TM model can thus be stated otherwise as, the intersec- 
tion between observer's thread-set and systemic thread-set is not invariant but 
is a function of prevaiHng context and time. In other words, if the intersec- 
tion between observer's thread-set and systemic thread-set under any given 
context at any instance of time ti constitutes a set Ati; and the intersection 
between observer's thread-set and systemic thread-set under the same context 
at any other instance of time t2 constitutes another set At2', then in general, 
l^til 7^ I^t2|- However the assumption asserts further that even if |^ti| = I^t2|, 
it is not probable that Ati and At2 will be having identical compositions of 
their thread-set. These different intersections (context-dependent and time- 
dependent) between observer's thread-set and systemic thread-set are the ones 
that cause the subjective and contradictory inferences about biological systems. 
Examples of how different experimentalists (different observers) can interfere 
with biological reality to draw different inferences about it, is provided in a re- 
cent work Xu et al., 2006| at the cellular threshold level and by another study 
|Moen et al., 2005) at the organismic threshold level. It is due to this subjective 
nature of our acquired knowledge about biological reality that we cannot have 
a general and complete measure for biological complexity; but rather will only 
have to be content with numerous threshold specific context-dependent com- 
plexity measures. 
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Indeed the recent studies |Dokholyan and Shakhnovich, 200T| , [Ding and Dokholyan, 2006] 
tend to vindicate the assumption of thread-interactions being context-dependent 
and time-dependent. A software, 'Medusa' [Ding and Dokholyan, 2006] attempts 
to explore the evolution of a protein fold family in a dynamic manner; that is, by 
monitoring the time-dependent changes in sequence and structure upon random 
mutations of amino acids. This means, the software attempts to learn about the 
nature of functional threads generated by interactions between three types of 
threads (first, the thread-set representing complete amino acid sequence along- 
side several windows of varying lengths of that same sequence, second, threads 
representing every structural features and third, the compositional threads rep- 
resenting the random mutations of the amino acids) in a time- variant manner. 
The same study finds that a "subtle" change in the compositional nature of a 
subset of thread-set representing amino acid level of biological threshold, result 
in "distinct packing of the protein core and, thus, novel compositions of core 
residues"; depicting how a change in certain set of threads at a particular time 
and under appropriate context, can change the entire scheme of interactions and 
account for the emergence of one particular property (novel core residues) at 
the next level of biological threshold from a pool of possible properties. 

Assumption 3) The thread-mesh for any threshold level is constituted of all 
the threads representing the systemic properties, environmental properties and 
observer (observational mechanisms) properties and will have a bounded ge- 
ometry typical of that threshold level. This assumption points to the definite 
yet distinctly different existences of biological organizations. It implies that the 
pattern of interactions between biological properties prevalent in any thresh- 
old level must be following a definite pattern that is different (either subtly or 
markedly) from the pattern of interactions between biological properties in an- 
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other threshold level. However as the threads (properties) of any threshold level 
are related_to those of other threshold levels and the thread-mesh for each of 
these threshold levels_have unique_bounded geometries, interaction between_two 
threads in any threshold level can potentially influence the thread interactions 
in some other threshold level too. 



2.3) Properties of Thread-Mesh model : 

Property 1) : If the emergent thread that separates threshold level THj+i 
from THj is not a case of 'strong emergence ' |Crutchfield,T994l|Ricard, 2004| , 
the entire thread set of THj+i is produced from THj (the same can obviously be 
said about THj and THu, and so on). However, although the compositional 
Hneage exists, the thread set of THj+i is independent in its function from func- 
tion of thread set of THj . This functional difference originates due to the exis- 
tence of different set of pertinent biological contexts for the threshold levels. For 
example, although originating from the genes (THj), the proteins (THi_|_i) can 
undergo independent context driven operations (enzymatic cleavage, aggrega- 
tion with other molecules, phosphorylation, glycosylation etc.), which are com- 
pletely different from the context-driven operations relevant at the nucleotide 
level (for example, due to alternative splicing (a context-specific operation), al- 
most one third of DNA produces different proteins; - an operation only pertinent 
at the nucleotide level). In fact, as noted recently Cohen and Atlan, 2006| , a 
protein glyceraldehyde-3-phosphate dehydrogenase, discovered as an enzyme, 
has now been identified to have a function in membrane fusion, micro-tubule 
bundling, RNA export, DNA replication and repair, apoptosis, cancer, viral in- 
fection and neural degeneration; which would have been impossible if different 
contextual constraints for macromolecular threshold level were not in place. 
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Property 2) : Although in certain cases the absolute number of threads repre- 
senting threshold level THi_|_i might be less than that of THi (a process referred 
to as 'integration' in a previous study [Ricard, 2004| ); a context-specific decom- 
position that respects compositional lineage of thread-set representing THi_|_i 
will reveal that {\TH\^i \ — \TH\\) ^ 1. It is important to note that this inequal- 
ity expresses an innate fact about behavior of the systemic threads between 
biological threshold level and doesn't involve observer thread set at all. 
This inequality (|Ti?i+i| — \THi\) ^ 1 tends to suggest a deeper biological fact; 
that is, even in the absence of an observer, the biological reality can only be 
talked about in a threshold-dependent manner. That is, even with the complete 
knowledge of the thread-set (compositional, structural, functional) of THj un- 
der every possible context, the complete set of biological properties representing 
THi_|_i won't be_known to us. In fact, the possible Hmit of knowledge about 
biological properties about THj+i derived from THj will always_follow the in- 
equality 

[(/(ri/i+i)-/(m))^i] (1) 

Some related works exemplify the impossibility to acquire knowledge about 
complete thread-set of THi_|_i, from the knowledge of complete set of threads 
representing THi. These studies clearly point to the fact that to represent 
the contextual constraints typical of any THj+i, novel threads (compositional 
and/or structural) are required. The nature of such novel threads representing 
the typical contextual (compositional and/or structural threads) constraints of 
THi_|_i can not be predicted from the knowledge of thread-set representing 
THj. For example, based upon theoretical calculations that takes into account 
the compositional and structural threads in the forms of exact magnitudes of 
an individual protein's molecular weight, solute radius and solvent molar vol- 
umes along with appropriate interaction factors (Wilke-Chang equation and 
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Stokes-Einstein equation) , an estimate of diffusion factors for the proteins was 
constructed |Rangamani and Iyengar, 2007] . However the study finds that such 
estimates were inadequate when describing the protein's property space when it 
is undergoing interactions with other macromolecules in cytoplasm. The context 
of cytoplasmic reality demands "appropriate correction factors" that suitably 
considers cytoplasmic viscosity, drag and molecular crowding (all being compo- 
sitional and structural threads representing cellular reality) . The exact nature of 
parameter set representing this "appropriate correction factors" at any THi_|_i, 
can never be ascertained from the knowledge of THj. From a different stand- 
point, another study |Hut et al., 2000| had also established the impossibility to 
create a biological cell on the basis of difficulty to ensure "intrinsic coherence" 
(the parameter set representing contextual constraints at THi_|_i) obtained from 
physical studies between molecular level entities (THj). These claims tend to 
vindicate the second property of TM model. 

Findings of eg" — l_can be expressed in more formal and general term with the 
a theorem, on the nature of acquired knowledge about any threshold level of 
any biological system. It can be stated as : 

Theorem- 1 : The very nature of biological reality makes it impossible 
for any observer to acquire complete knowledge about the mutual in- 
teraction of biological properties between any two adjacent biological 
threshold levels, representing any part of biological space-time. 
Proof : 

Let us denote any particular biological property (compositional or structural or 
functional) of any arbitrarily chosen biological threshold level (THi) by thread 
thi. Similarly let us denote the lineage of that particular biological property. 
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viz. thi, in the adjacent biological threshold level (THi_|_i) by thread thi+i. 
(Examples of such lineages are many. At THprotein, many proteins are found 
with unfavorable hydrophobic and/or non-polar residues on their surface. But 
such unexpected structural feature only makes sense when one observes that it 
is those hydrophobic residues on the surface of the protein that serve as hot- 
spots for other proteins to bind [Lijnzaad and Argos,1997] , and subsequently 
that protein-protein interaction forms a part of some biochemical pathway at 
the next biological threshold level, namely at TRpathway)- 

Since every biological property operates within a specified bound of magni- 
tude (referred to as 'fluctuation' in an earher study |Testa and Kier, 20Q0| ) 
we describe the range of magnitude that thi can assume by its inherent en- 
tropy S {thi), where S (th^) = J^iPi^^dj;-; {Pi ^ Pr {a = a^), < Pi < I and 
J2l^iP — 1). Similarly we describe the range of magnitude that the lineage of 
thi, viz. thi+i, in (THi_|_i) can assume by its inherent entropy S (thi+i), where 
S = Qjlogj-; {q, ^ Pr {13 ^ 13,), 0<q,<l and ^J^i 9 = !)■ 

To describe the extent of effect thi has on thi+i, we resort to conditional prob- 
ability. Denoting the entire expected extent of the effect of i/i^+i due to entire 
thi as Tj, a part of the same as Pj Pj^^j — , and the part of thi that 
accounts for as ai {{J2i <^ithi — cfi), where Ui accounts for Fj); we have : 

S {tK\(3,) ^Y.P'^ ("^l/^^) ^"g pwl 1/3) ^ ^ ^''^""^^ 

i V * I t-^J ^ i ^ U 

The parameter Qij represents the state of (THi_|_i) when it is aware that f3j 
extent of the property thi+i is operative, but does not possess the entire infor- 
mation content about the qualitative and quantitative nature about ai extent 
of thi, that is causing thi+i to behave in the way it is doing. Similarly, by Pij, 
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we can describe state of (THi) when (THi) is aware that aj extent of thi is 
operative in causing Pj extent of effect on f/ij+i, but does not possess the en- 
tire information content about the quahtative and quantitative nature of 
Eq"-2, by itself, describes the uncertainty in (THi_|_i) about the qualitative 
and quantitative nature of thi. The joint probabilities, say Jy , describing the 
state of an observer (obviously not a part of the system) , attempting to know 
the qualitative and quantitative extent of both and f3j can be described by 
simple Bayesian structure as : 

Vi,i : piPij = Pr {ai) Pr {Pj\ai) = Pr{ai,(3j) = Pr {Pj) Pr {ai\Pj) = 

Qj Qij — J ij 5 

hence 

Qij = (3) 
Ij 



On averaging over all the Pjs and using qjQij = Jij, we derive the expression 
for equivocation of thi w.r.t : 

S {thi\thj^(i+^)) = ^ QjS {thilpj) = X] «J f Qij^og-^ ] =YjY. ^^3^''^^ 

3 3 \ i ^'V i 3 

(4) 



Eq"-4 describes the average uncertainty in (THi_|_i) about thi when thi+i is 
operative. 



The set of argument described by eq"-2 and eq"-4 w.r.t (THi_|_i) holds true 
as mirror image w.r.t (THj) and can be described as eq-5 and eq-6, respectively 
as: 



20 



S (t/i,=(i+i)|ai) =^Pr {pj\ai)log p^ ^^^^^^^ ^ H^y^^^j^ (5) 



and averaging over all the ajS and using PiPij = Jij, we derive the expres- 
sion for equivocation of thj-(^i_^_i^ w.r.t thi as : 



(6) 



An observation process that attempts to retrieve qualitative and quantitative 
information regarding the lineage of the properties under consideration, will 
henceforth be subjected to an average uncertainty given by the joint entropy : 



Since the mode of information exchange between any two arbitrarily chosen 
biological threshold levels thi and thj (and vice- versa), is farthest from being 
inependent, using piPij = Jij, we arrive at : 



s {thi, thj) = Y,Y. Jij^°9^ (8) 

Pi • ^ij 



» 3 



J2j Jij ^Pi'^i, hence 
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S {th,, thj) = ^p.log- + X! Jv^og— = 5* (th,) + S {thj\th,) (9) 

Pi -^ij 

Neither the information regarding the magnitude of the parameter S {thj\thi) 
nor the same about the quaUtative nature of it can be retrieved by studying the 
entire thread-set of either (THj) or (THj+i), exhaustively. 
Hence the proof. Q.E.D 



Property 3) : The mapping between threads representing i**" threshold level 
THi with that of another threshold level THi_|_r follows a many-to-many map- 
ping scheme. For example, the mapping from genotype (DNA) to phenotype 
(organism) is marked with significant redundancy from either side. Different 
genotypes can map to the same phenotype; for example, different codons (DNA 
nucleotide triplets, representing threads of the nucleotide threshold level) can 
code for the same amino acid; ensuring that the genotype can change (a nu- 
cleotide can mutate) without changing the phenotype. On the other hand, 
the same genotype can result in different phenotypes, due to different envi- 
ronmental conditions during development (different time-variant and context- 
dependent interactions between systemic and environmental threads) . It should 
be mentioned here that a case of one-to-many mapping scheme can also take 
place in certain situations (interaction-dependent differentiation rules for stem- 
cell (^rusawaeFaLTTOOH)); however that will only be a special case of many- 
to-many mapping. 
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Property 4) : For any threshold level, only a subset of possible thread inter- 
actions (between systemic and environmental threads) can give rise to emergent 
threads at the higher threshold levels. In other words, the geometry of thread 
association defines the production of an emergent thread. For example, it has 
been found that from a superset of possible interactions amongst threads rep- 
resenting biological threshold of amino acids, only a certain subset can give rise 
to stable secondary structures and tertiary symmetries |Li et al., 1996| . This 
is a clear act of emergence, where the emergent threads are that of electro- 
static and thermodynamic stability of the structures. The relevance of this 
property can be vindicated by its top-down counterpart drawn from a study 
jLaughlin and Pines, 2Q0Q| of physical laws; although the bottom-up approach 
involving biological causality was not mentioned there. 

2.4) Efficient descriptions with TM Model 

2.4.1) Description of context-dependence and time-dependence 
in biological systems : 

Time dependence and context dependence do not mean the same; while time- 
dependence attempts to capture the observed effect due to same biological con- 
text at different instances of time, context-dependence attempts to represent 
the relevant biological context used for the description of biological process 
under consideration. The level of antibody production and cell proliferation 
of animals treated with 6-hydroxydopamine serves as an interesting example 
|Kohm and Sanders, 19991 of how the acquired knowledge of biological reality 
can change as a result of time-dependent and context-dependent interactions be- 
tween systemic threads and observer threads. In this case |Kohm and Sanders, 1999] , 
involvement of various biological threshold levels under observation had re- 
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suited in producing very many types of contexts. In fact, the patterns seen 
from the observed facts reveal numerous schemes of different intersections be- 
tween interacting thread sets. While some studies [Besedovsky et al., 1979[ 
[Williams et al., 1981[ [Kruszewska et al., 1995| , have reported enhancement in 
antibody production and cell proliferation, another group of findings tends to re- 
veal a suppression [Hall et al., 1982HLivnat et al., 19^51 [Madden et al., 1989| of 
the same; while still another experiment [Miles et al., 198l| reports "no change" 
in the level of antibody production. Assuming none of the results were wrong, 
reasons behind obtaining such contradictory results can be understood by TM 
model. Although the biological system (and possibly the environment) was 
kept invariant, the differing results have originated due to observer's reading 
of subtle changes in the composite biological contexts. Each of these different 
contexts had provided the favorable conditions of it's own for different sub- 
sets of threads to interact. In order to study the effect on the threads of any 
threshold level THj involved in the process in a minimal two-context scenario, 
we consider contextii as one which provides suitable condition for thread-set 
THiix to interact; and contexti2, as one which provides suitable condition for 
thread-set THi2x to interact. Both THjix and THi2x represent the systemic 
thread-sets and are independent of observer. Since neither the cardinality of 
THiix and THi2x; nor the composition of them are guaranteed to match, dif- 
ferent scheme of interactions, even in the absence of the observer, will account 
for emergence of different threads in THi_|_i. The observer thread-set, whenever 
interacting with either of THiix and THi2x will produce different intersections, 
and in general, these intersections will neither have their cardinality matched, 
nor will there be a consensus in their composition. Since it is not probable to 
have a match between two-step intersections (first, between THiix and THi2x 
and second, between either of them and the observer), we will always acquire 
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(potentially) contradictory knowledge about biological systems. Thus, even in 
the case where all the observations (experiments) are correct, the disparity in 
observed patterns (experimental results) will be present, as have been proved 
in an exhaustive experimental work jWahlsten et al., 2003| . Due to this subtle 
(or overt) interaction with the observer thread-set, the systemic thread-set will 
only be perceived by different intersections between the two and therefore the 
objective biological reality will not be known. 



2.4.2) Description of biological emergence : 

Due to its architectural characteristics, the TM model explains emergence natu- 
rally. It can easily differentiate between two broad kinds of emergences as men- 
tioned in some previous studies |Bedau, 1997[ [Bar- Yam, 20Q4| . The weak emer- 
gence is exemplified by threads (biological properties) that represent THi_|_i, 
who arise from the interactions of the threads present at THj, THi.i, THi.2, 
and so on, jOdell, 2002j . There can as well be strong emergence, exemplified by 
novel threads at THi_|_i that are neither predictable nor deducible from threads 
representing preceding threshold levels THi, THj.i, THi.2 [Crutchfield, 1994[ 



Ricard, 2004 . The TM model states that there should be at least one emergent 



thread (emergent property, be it an example of week emergence or strong emer- 
gence) to distinguish any THi_|_i from THi. For example, protein fold family 
formation [Ding and Dokholyan, 2006 can be recognized as a case of weak emer- 
gence (because time-dependent thread interactions between structural threads 
at protein(THi) level and compositional threads representing (randomly mu- 
tated) amino acids(THi.i) level are responsible for emergence of a certain pro- 
tein fold at the threshold level representing various protein-folds(THi_|_i)). Due 
to extreme context-dependence and nonlinearity in the thread interactions, at 
times a cause initiated at any THi.r can exhibit pronounced weak-emergence at 
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any higher order threshold level. For example, the triggering of the eclosion hor- 
mone (interaction of some functional thread at THproteins) had been reported 
to initiate a sequence of events, which ultimately results in the emergence of 
the moth (THorganism) from the pupal exuviae [Truman, 1973| . On the other 
hand, the formation of functional biochemical network in several branches of 
molecular cell physiology can be identified to exemplify the strong emergence 
Boogerd et al.(2005)| . 

However, it might not always be easy to identify the emergent threads, be- 
cause of the low resolution viewing of the threshold level. For example, it was 
known that during cell cycle (THceu) the Gl to S transition, under any given 
growth condition, is characterized by a requirement of a specific and critical 
cell size, PS. However, it has been found recently jBarberis et al., 2007| that 
the creation of PS is itself an emergent property, where the constraints on cell 
size only serve as the lower bound of cardinality of compositional thread set 
necessary to create the emergent phase PS. 



Since biological systems are open systems, many (but not all) biological thresh- 
old levels interact with environment. In fact, environmental threads that infiu- 
ence systemic threads for any threshold level, form a part of biological context. 
An example of how environmental threads at THNucieotideCan cause emergence 



on the THceii can be found in recent literature Barcellos-Hoff, 2008 ; where it 
has been shown that cancer in an organism can be considered as an emergent 
phenomenon of genotype (viz., DNA) perturbed through radiation exposure. 
Similar observation has been made elsewhere too [Glade et al., 2004] ; where it 
has been found that "under appropriate in vitro conditions" (which implies, only 
in the presence of certain environmental threads) microtubules (represented by 
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thread set belonging to the threshold level sub-cellular macromolecular com- 
plex) form dissipative structures that not only shows self-organization but also 
displays emergent phenomena. 

Although it is difficult to estimate the number of interacting threads to achieve 
emergence, in some of the cases, it has been calculated. For example, based on 
Landauer's principle it has been calculated |Landauer, 1967^ [Davies, 2Q04| that 
to ensure the onset of emergence of functional proteins (each aspect of pro- 
tein functionality denotes one functional thread at THi_|_i) from an ensemble 
of amino acids (each amino acid constitutes a structural thread at THj), the 
inequality 60 < n < 92 should hold, where n denotes the number of amino acids. 
A similar calculation argues that there should be at least 200 base-pairs (i.e.; 
200 structural threads at the nucleotide threshold level) to ensure the emergent 
features of a functional gene jPavies, 2004| . 

2.4.3) Description of observer-dependent nature of biological reality : 

There are myriad examples of contradictions about acquired knowledge of bi- 
ological systems, studied under the same biological contexts. Here we will en- 
Hst only some of them to highhght the incomplete, subjective and observer- 
dependent nature of acquired knowledge about biological reality. 

Ex.l)In a study jLevchenko et al., 1997| involving Clp family of chaperones, 
the presence of PDZ-like domains in the carboxy-terminal region of ClpX 
was reported. However, another study [Neuwald et al., 1999| within a few 
days, had not only reported the absence of that entire PDZ-like domain, 
but also failed to find any significant similarity to multiple alignment pro- 
file of PDZ domains. The cause for this contradiction can be attributed to 
different (almost mutually exclusive) compositions of sets of intersections 
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between observer's thread set with the systemic thread set. 

Ex.2)The msx homeodomain protein is a known downstream transcription 
factor of the bone morphogenetic protein {BMP-4) signal besides being 
an important regulator for neural tissue differentiation. A recent study 
[Ishimura et al., 2Q0Q| has reported that both BMP-4 and Xmsx-1 have 
failed to inhibit the neurulation of ectodermal tissue that was combined 
with prospective dorsal mesoderm; although the amount of injected RNA 
was sufficient for inhibiting neurulation in the single cap assay. This re- 
sult is in direct contradiction with the results obtained from some other 
studies about the same biological process involving the same biological 
entities and the same systemic contexts. These studies have reported that 
the BMP-4 signal is sufficient for the determination of neural cell fate 
Sasai et al., 1995l|Suzuki et al., 1995t[Wilson and Hemmati, 1995||Xu et al., 1995| 



The cause behind this subjectivity, therefore, can solely be attributed to 
different compositions for sets of intersections between observer's thread 
set with the systemic thread set. 

Ex.3)In the field of determination of phylogeny of Rhizobium galegae by genome 
sequencing (nucleotide threshold level), an interesting case can be ob- 
served. Upon sequencing 260 bp of the 16S gene, two independent reports 
[Young et al., 1991] |Nour et al., 1994] had inferred that Rhizobium gale- 
gae is closely related to mesorhizobia. However, upon examining 800 bp 
(instead of 260 bp), another study [Terefework et al., 1998| had inferred 
that the previous assertion regarding phylogenetic profiHng of Rhizobium 
galegae, was wrong. Such subjective knowledge about biological reality is 
acquired because the possible scopes of interaction of observer's thread set 
with the systemic threads were different. In one case the observer's thread 
set could interact with 800 bp (representing a part of systemic thread set 
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of compositional nature) whereas in the other case, the possibiHty of in- 
teractions were Hmited by a small number of systemic thread set (compo- 
sitional), viz. 260 bp. The qualitative changes in biological context due to 
the presence of 540 bp (800 bp - 260 bp) could not obviously be taken care 
of by two previous studies [Young et al., 1991] |Nour et al., 1994] . As a re- 
sult of a squeezed systemic space with merely 260 compositional threads 
and the corresponding functional threads, possibility of interaction with 
observer's thread set was reduced substantially, leading to a contradiction. 

While this example demonstrates clearly that constriction of the systemic thread 
space under observation (a process represented by the observer thread set) re- 
duces the probability of the interaction and can eventually lead to wrong in- 
ferences about biological reality, it is clear that the same logic holds for an 
expanded systemic thread space under observation too. In fact, to observe any 
biological process of interest, experiments are carefully designed to ensure the 
presence of certain systemic threads and not others. The experimental design 
ensures a suitable size of the systemic thread space; which, when interacting 
with the observer's thread space, reveals certain facets of a biological process. 
Although a squeezed or expanded systemic thread set might not change the 
underlying biological process under observation (interaction of systemic threads 
with the observer's thread set under a given context), it can account for less 
or more bulk of information than the observer can handle. Thus, the process 
of observation can always be considered subjective and incomplete; because the 
set representing intersection of systemic thread set and observer thread set - 
will always be different (with respect to cardinality of the set, as well as with 
respect to composition of the set), even under the same context. 
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2.5) Mathematical framework of TM model : 

Despite the fact that there have been attempts to develop mathematical models 
to describe emergence [Rasmussen and Barrett, 1995[[Bonabeau and Dessalles, 19971 
|Bar-Yam, 2004[ [Ricard, 2004| ; an universally accepted mathematical model to 
describe biological emergence has still not been found [Cohen and Atlan, 2006| . 
Here with the TM model we propose a mathematical template that attempts to 
suitably describe biological emergence. More importantly, it is proved here that 
the nature of biological reality is observer-dependent (hence subjective). Owing 
to this inherent observer-dependent knowledge of biological reality, contradic- 
tions arise in the descriptions of it and it is due to the observer predilection 
that there are so many complexity measures to describe the biological reality. 
Further, it is due to this innate nature of biological reality that it will not be 
possible to construct a biological complexity measure that is objective. 
Section : 2.5.1) 
Let us define : 

(DeP :1) T : The superset of all the threads (compositional, structural and 
functional properties) that completely represent each of systemic features, en- 
vironmental features and observer (features of observational mechanism that 
interacts with the biological system) at any threshold level THj. 
(DeP :2) t : {t},-^-^ where r e T; are the threads representing all the systemic- 
environmental (systemic and environmental) properties at TH;. 
(DeP :3) o : {0}^^-^ where o G T; are the threads representing properties of the 
observer (and observational mechanisms) at THi, that can possibly interact 
with T. 

Thus the interaction between observer and systemic-environmental thread-set 
can be described in the broadest terms with the entire spectrum of threads that 
represent them as : 
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r2i(T)ur22(o) , where both fli and fl2 are context-dependent and time-dependent 
functions that model the favorable conditions for the observer threads to inter- 
act with the systemic-environmental threads. 

(DeP :4) MI : An index set of mutually interacting pair of threads (mutually 
interacting biological properties). The elements of this set; viz. the pair of 
threads, are not pairwise disjoint at any instance of time. 

Hence formally, if \MI\ = ^ and for each i G MI let Xi be a minimally interact- 
ing set, then : 

{A, : Vi e MI}, A, C2 and VA„ |A,| = 2 

Since the thread-mesh for any threshold level is bounded in its geometry (by 
assumption), any change of thread coordinate will definitely influence coordi- 
nate of other threads (either subtly or markedly). Biologically this impHes that 
every biological property (compositional, structural, functional) has some influ- 
ence (however subtle or pronounced) on all the other biological properties of 
the same threshold level and potentially on some properties belonging to other 
threshold levels too. 

Thus the threads can not be pairwise disjoint and we have : Ci Xi ^ (j) 

ieMI 

For a general case, we'll have : Xi C,^,ri > 2 and 77 — > 
where 77 = 77 (time, biological context) and clearly |Ai| > 2. 
(DeP :5) and t^: r+ C MI, represents the set of (context-dependent) 
interacting thread-pairs that help the formation of an emergent thread (this 
emergence, obviously, is an example of weak emergence; strong emergence does 
not result from a causal lineage [Crutchfield, 19941 |Bar- Yam, 2004] ). The t~ , 
where C MI, represents the set of (context-dependent) interacting thread- 
pairs that do not contribute to the emergence of that particular thread. Since 
r"*" and t~ are context-dependent and time-dependent, t+ n r~ ^ 0; which 
makes perfect biological sense. For example, roughness of the patches of protein 
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surface might not have a great dependence on resultant dipole moment of the 
protein arising out of its main-chain and vice versa. Therefore the threads rep- 
resenting these two properties might not always interact. However under certain 
conditions, say in a highly polar environment with low dielectric constant, the 
dipole moment of the protein backbone might influence the surface geometry 
and henceforth the flner aspects of surface topology too, and in such a case the 
threads of the aforementioned properties will interact with each other. Thus 
while r+ and t~ can not be regarded as mutually exclusive, their (possible) 
intersection depends on particular biological contexts. 

If we define |t+ |time, context = the quantitative change in the interact- 
ing thread population that cause weak emergence can then be represented 
as: -^{t^) — ^f{^), where any suitably found f{uj) will represent the func- 
tional characteristics of time-dependent, context-specific population of interact- 
ing threads, such that Vwi,a;2;ijJi <ijJ2^ fi^i) < /(^2)- 

This is biologically appropriate structure. For example, it has been found in 
the case of spatio-temporal cytoplasmic organization that an increase or de- 
crease of the glycolytic fiux is induced by an increase or decrease of polymeric 
microtubular proteins, as instances of emergence within a metabolic network 
I Aon et al., 2004) . 

If \ ft(^^)\ > , we denote ^(t+) as H. However, even if H exists, the neces- 
sary condition for weak emergence for the interacting threads representing THi 
is satisfied only when THi_|_i holds at least 1 thread (a property, be it com- 
positional, structural or functional) present in H. In that case the inequality 
of (eq"-l) will be satisfied. This inequality (along with eq"-9) suggests a pos- 
sible limit of our knowledge of biological properties representing any biological 
threshold level THi_|_i, even if we (ideally) know the complete set of biological 
properties that characterize THi. 
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We can now proceed to prove that nature of biological reality is observer- 
dependent. However before than that it is important to derive an idea of the 
topological nature of biological space with the help of TM model. 

Section : 2.5.2) 

2.5.2.1) Topological nature of biological space : 

Biological space can be described in terms of the generalized coordinates of 
'systemic' properties (compositional, structural and functional) of the biologi- 
cal system under consideration along with the relevant set of property of the 
environment, that exerts definite influence on the systemic properties. Each one 
of these properties (systemic and environmental) can be represented by struc- 
tures called 'threads'. Hence an ensemble of interactive biological properties will 
give rise to a mesh of threads, the 'thread-mesh'. Such description of biological 
space is abstract but is advantageous in its being independent of any particular 
coordinate system. Furthermore, it describes completely what a system is com- 
prised of (compositional and structural threads) and what the system is capable 
of performing (functional threads) and how (interactions amongst the pertinent 
threads). 

The topological properties of thread-mesh space for any biological threshold 
level offer interesting insights. The two components of such space can be iden- 
tified as, first, the 'biological-system thread-mesh' (exhaustive set of composi- 
tional, structural and functional properties, describing any arbitrarily chosen i*** 
biological threshold level, say Thi; including the relevant environmental prop- 
erties) and second, the 'observer thread-mesh' (exhaustive set of compositional, 
structural and functional properties of the observer, which includes the subset 
of properties required to study Thi). We assume that each of these biological 
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properties can be represented by some suitable mathematical functions. 

Resorting to functional analysis, if we tend to represent these functions by vec- 
tors; we arrive at an abstract vector space to represent biological properties at 
any biological threshold level. Such representation of biological property space 
(thread- mesh) enables us to define a "distance" between two functions (any two 
biological properties) by c?(pi,P2) = Ibi — P2||- This distance wih correspond to 
the difference between the nature of biological properties, when these properties 
are represented by threads. Two closely related biological properties will have a 
smah distance between them in the abstract thread-mesh coordinate space. For 
example, for THprotein, the distance between the thread representing interior 
dielectric constant and the thread representing probability of interior salt-bridge 
formation wih always be less than the distance between the thread representing 
interior dielectric constant of proteins and the thread representing the shape of 
the proteins. The distance between two threads can always be measured and 
since any biological property is dependent upon other biological properties, the 
distance d{pi,p2) between any two biological properties of the same threshold 
level {d{pi,p2) = \\pi — P2II) can be considered complete. This turns the thread 
space (biological property space) representing THj, into a metric space. Also 
since the threads, who are functions that represent biological properties, can be 
associated with their respective lengths (norms); the abstract vector space of 
thread-mesh can be considered as a normed vector space. The effect of any ex- 
ternal influence on a vector (biological property) of this normed vector space can 
be represented by addition and multiplication of a scalar variable to that vector. 
A scaler addition or multiplication scheme increases or decreases the weightage 
of a thread in any thread-interaction. This is necessary, because all the bio- 
logical properties assume weightages with respect to the changing contexts and 
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can't be considered as having invariant importance under all circumstances. 
Thus we notice that : 

1) any biological property representing any biological threshold level is depen- 
dent on all the other properties representing the same threshold level. Which 
implies inner-products can be defined on all the threads (biological properties), 

2) context-dependent importance of any propertjf (a biological propertjf mod- 
eled as a vector in the normed abstract vector space) can be modeled by addition 
and multiplication by a scalar, 

and 

3) Cauchy convergence exists amongst the properties representing any thresh- 
old level (for example, the electrostatic interactions (I) between macromolecules 
in cytoplasm can be broadly modeled as interactions between set of relevant 
threads (V), given by : thi, a thread that represents interactions between 
charges; th2, thread that represents interactions between dipoles(for molecules 
without inversion center); tha, representing interactions between quadrupoles(for 
molecules with symmetry lower than cubic); th4, representing interactions be- 
tween permanent multipoles; ths, thread representing induction (between a per- 
manent multipole on one molecule with an induced multipole on another); the, 
that represents London dispersion forces and th7, a thread that represents elec- 
trostatic repulsions (to prevent macromolecular collapse). If we consider a local 
base L for the thread-set of electrostatic interactions I about any suitably cho- 
sen central point (say, 0) ; then for sequence of threads thg for all the threads 
V of L, for some number £, whenever any n,m> s; it will be ensured that th„ 

- th„i is an element of V. Which is precisely what the Hilbert space criterion 
for Cauchy sequence is. In other words, even if thi, ths, ths, thr are omitted 
from considerations of I; th2, th4 and the will be parts of I. 
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Hence, the thread-mesh representing any biological threshold level can be con- 
sidered as a Hilbert space. This is supported from other aspects of thread-mesh 
also. For example, any thread (a biological property modeled as function) is a 
real- valued function and on the biologically relevant interval of this function, the 
integral of the square of its absolute value (over that interval) will necessarily be 
finite (no biological property has ever been reported to assume a non-finite mag- 
nitude during its existence) . This impHes that the threads (biological properties) 
can be represented by measurable and square integrable functions and such a 
characteristic is a hallmark of Hilbert space (or putting in other way, space) . 

A careful observation topology of thread-mesh (abstract normed vector space 
representing biological properties of any biological threshold level) reveals sev- 
eral other interesting characteristics of it : 

2.5.2.2) Additional topological characteristic of thread-mesh - 01) 

Geometry of the thread-mesh space resembles that of a real vector bundle, where 
we define a vector bundle as a geometric construct which makes precise the idea 
of a family of vector spaces parametrized by another space X. Here X can be a 
topological space, a manifold, or a pertinent algebraic construct. The definition 
demands that if, to every point x of the space X we can associate a vector space 
V(x) in such a way that these vector spaces fit together to form another space of 
the same kind as X (e.g. a topological space, manifold, or a pertinent algebraic 
construct), it can then be called a vector bundle over X. Since, the nature of 
thread-mesh in either 'biological-system' set or observer space does not differ, 
we can safely represent the thread-mesh space by a real vector bundle. Thus it 
can be said that : 

1) V* (space representing the observer thread-mesh space) and V (space repre- 
senting systemic thread-mesh space) are finite-dimensional. 
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2) V* has the same dimensions as V. 

Assumption (2) of TM model states that only a subset of the entire set of ob- 
server properties can interact with the 'Biol-System Thread-Mesh'(BSTM). We 
denote this subset of observer properties as the 'preference' of the observer. 
In a more formal representation, if (ei, ...,en) forms the basis of V (the vector 

space representing systemic thrcad-mcsli space); then the associated basis for 
V* (the vector space representing observer thread-mesh space) can be written as 
(e^, e") where : 

e'(ej) = 1 if i = j (observer preferences are capable of observing BSTM), 
and 

e'(ej) = if i 7^ j (observer preferences are not capable of observing BSTM). 
The capability of observer to observe any biological phenomenon stems from 
compatibility between thread-set representing observational mechanism and BSTM. 
For example, to obtain a measure of structural constraints of an enzyme, the ob- 
server thread-set should necessarily interact with only certain threads of BSTM 
(for example, the permitted ranges of bond lengths and bond angles, omega 
angle restraints, side chain planarity, prohne puckering, B-factor distribution, 
rotamer distribution, Ramachandran plot characteristics etc.). If the observa- 
tional mechanism gathers information about the associated pathways, catalytic 
sites of the enzyme, its cellular location, or about its functional domains; they 
will be incompatible with the systemic properties of interest and thus will not be 
capable to obtain a measure of structural constraints of an enzyme) . To elab- 
orate a little, if the systemic thread-mesh space were a simple 2 dimensional 
space, R^, its basis B would have been given by : 
B = ei = (1,0), 62 = (0.1). 

Then, and can be called one-forms (functions which map a vector to a 
scalar). 



37 



such that : 

e^(ei) = 1,6^(62) = 0,6^(61) =0 and 6^(62) = 1 (10) 

2.5.2.3) Additional topological characteristic of thread-mesh - 02) 

The BSTM representing any Thj, (say X), is a topological vector space. 
Let X and y be the coordinates of any two threads (biological properties) in X. 
Although the biological properties are closely dependent upon one another, they 
are distinct in their functionality (for example, for the biological threshold level 
of proteins, a thread representing interior mass distribution of a protein may be 
having a close correlation with another thread representing interior hydropho- 
bicity distribution of the same protein; but these threads are indeed different). 
Thus in the context of geometry of thread-mesh we can say that x and y can 
be separated by neighborhoods if there exists a neighborhood (infinitesimal or 
not) Ni of X and N2of y, such that Ni and N2 are disjoint, (iVi n 7V2 = 0). This 
property, viz. any two distinct points of X can be separated by neighborhoods, 
suggests that the biological thread-mesh (X) under consideration can be called 
a T2 space (Hausdorff space). 

2.6) Insights into the thread dynamics : 

If a particular thread denoting property p and coordinate x within biological 
space (BSTM, in terms of generalized coordinate), have a potential V to be part 
of an interaction; then at any instance of time t, we can quantify the action A 
(in Lagrangian formulation as) : 
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A[x\ = J L[x{t),x{t)]dt (11) 

Here we note that while x (generalized coordinate for any arbitrarily chosen 
biological property p of THj) has an expHcit dependence on time (since biolog- 
ical properties are time- varying) ; owing to the symmetry of thread locations in 
the thread- mesh for any THj, V does not. Since Xj stands for the generaHzed 
coordinate of any thread p (biological property; be it compositional, structural 
or functional) within any arbitrarily chosen threshold level THj, x represents 
change of position of the thread p; which impHes interaction between threads. 
More magnitude of x impHes more interaction between biological properties. 

Thus, denoting Q = ^ (so that (5[a;(t)] = x ) 

Q[L]=pY.ii-Y.'-^x=i[lY.i''- V{x)] 

i i i 

If we set 

i 

then 



dx 

i 



V{x)] 



(12) 
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The eq"-12, describes total energy of BSTM for any arbitrarily chosen THi 
and owing to the presence of symmetrical potential V(x), eq"-12 describes a 
conservation of z. Since we know that the conservation of energy is the direct 
consequence of the translational symmetry of the quantity conjugate to energy, 
namely time; an application of Noether's theorem suggests z = 0. This implies 
that the principle of conservation of thread-mesh energy for any THi is a con- 
sequence of invariance under translation through time. 

The conformance to Noether's theorem directly suggests that if the process 
of observation (over any interval of time) , is represented by an one-dimensional 
manifold, the systemic thread-mesh space (comprised of system's properties and 
pertinent environmental properties) can be considered as a target manifold of 
the it. Under such circumstances one can attach to every point x of a smooth 
(or differentiable) manifold, a vector space called the cotangent space at x. Typ- 
ically, this cotangent space can be defined as the dual space of the tangent space 
at X. Hence the thread-mesh can be thought of as the cotangent bundle of space 
of generalized positions of threads, with respect to the observation manifold. 

Since cotangent bundle of a smooth manifold can as well be considered as the 
vector bundle of all the cotangent spaces at every point in the manifold, we can 
assert that observer properties that are compatible with some systemic prop- 
erty and is capable of measuring it, must be sharing a canonical relationship 
with each other. Reasons behind such argument follow from the special set of 
attributes that coordinates on the cotangent bundle of a manifold satisfy. Thus, 
if 'q's denote the coordinates on the underlying manifold (systemic thread-mesh 
space) and the 'p's denote their conjugate coordinates (observer thread-mesh 
space) then they can be written as a set of {(t,Pj) too. 
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If C denotes the configuration space of smooth functions between thread-mesh 
manifold M to the observation manifold 0, then the action A (aforementioned) 
can be characterized precisely as a functional, A : C — > O. 



The biological properties are functions of many infiuencing factors. Hence func- 
tional A can be precisely described as a function that takes functions as its 
argument (from the thread-mesh manifold) and returns a real number to be 
perceived by the observer at a given instance of time (observation manifold) . 



2.7) Uncertainty in observation of biological phenomenon : 

The macroscopic observable nature of biological properties come to existence 
due to frequency of interactions amongst many biological properties belong- 
ing to biological system or the environment or both. An individual interaction 
between two biological entities does not account for an observable biological 
property, but significant frequency of same type of interactions within some 
defined set of biological entities do produce a biological property. A series of 
very recent findings tend to vindicate this assertion. For example, a significant 
frequency of Brownian collisions between parts of protein molecules (not a sin- 
gle collision) within cytoplasm is what has been suggested to cause aggregation 
[Chang et al., 2005) ; similarly it is found that the significant frequency (and 
not a single interaction) with which the cancer proteins participate in various 



interactions is what attributes them their unique nature Jonsson et al., 2006 



The importance of frequency of biomolecular collisions between macromolecules 
(representing THbioi-macromoiecuies) within the cytoplasm, which causes weak 
emergence at the next threshold level (viz. THbiochemicai pathways) is discussed 
in details by Alsallaq [Alsallaq and Zhou, 2007| . From a completely different 
paradigm, the significance of frequency of interactions on the ecological com- 
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munities have been reported by Tylianakis [Tylianakis, 2008] . The effects of 
all these interactions, viz. measurable biological properties, are observed in the 
time domain by the observer. Hence while the process of observation of any 
biological property takes place in the time domain, the macroscopic observable 
nature of biological property comes to being due to significant frequency of 
thread interactions in the thread-mesh space. 

Since, first, any arbitrarily chosen biological property can be described in the 
relevant biological frequency domain in the thread-mesh space, when its obser- 
vation takes place on the the time domain and second, the thread-mesh manifold 
has been proved to be residing on the cotangent bundle of the observation man- 
ifold; the entire arrangement can be described in terms of a Fourier transform 
pair in the observation (time) domain. Thus, if any arbitrarily chosen biological 
property is observed to be represented as an waveform with basis element b(t) 
(that is, in the observation domain) with its Fourier transform B{^1) (in the 
thread- mesh domain); we can define the energy of the waveform to be E; so 
that (by Parseval's theorem) : 



J {\b{t)\)^dt= — J {\B{n)\)^dn (13) 

— oo — oo 

Since every biological property operates within a specified bound of mag- 
nitude, something that has been referred to as 'fiuctuation' in an earlier study 
|Testa and Kier, 2Q0Q| the functions that represent them will also be bounded 
in their ranges. Examples for such fiuctuation are many; in THceii, for the 
mitogen- activated protein kinase cascade studies, the total concentrations of 
MKKK, MKK and MAPK have been found to be in the range 10-1000 nm 
and the estimates for the kcat values of the protein kinases and phosphatases 
have been found to range from 0.01 to 1 s-i iKholodenko, 2000| . Similarly, for 
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the proteins (THbioi-macromoiecuies); the mass fractal dimension representing 
compactness of the protein has been found to be in the range of 2.22 to 2.69 
[Enright and Leitner, 2005] . Thus for any arbitrarily chosen biological prop- 
erty we can identify a center of the waveform representing the property and 
r^c (observed mean magnitude that the property can be associated to) along with 
corresponding widths At and An (the permissible limits that the magnitude of 
the observed property can approach, Af andA^ can be interpreted as variances 
of t and fl). Since biological properties are represented by threads in the TM 
model, we can interpret tc and Jlcas the mean coordinates for the location of the 
threads in thread-space, with the variance Aj andA^ representing their permis- 
sible range of variability around tc and flc, respectively. Any thread Thi having 
more variance than a thread Th2will imply the biological property represented 
by the thread Thiis more capable to interact (and influence) with other bio- 
logical properties than the property represented by Th2; or in other words, the 
biological property represented by Th2is more specific in its mode of working 
than the property represented by Thi . 
Hence, 

1) for central measures of the functions representing biological properties, we 
have : 

oo 

i^ = ^ I mm'dt (14) 

— oo 

oo 

^c = ^ I n{\B{n)\ydn (15) 

—00 

Since both ^{\b{t)\)^ and ^^{\B{n)\)'^ are non-negative and both of them 
integrate to 1, they satisfy the requirements of probability density functions 
for random variables t and fi, with tc and ficdenoting their respective means. 
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Such probabilistic interpretation of the functioning of biological properties can 
be immensely helpful in describing any biological phenomenon, because in many 
of the cases, a deterministic knowledge about the extent of involvement of any 
biological property in a process is found absent. 

2) for the deviations (widths) of the functions representing biological properties, 
we have : 



We can now attempt to prove that the nature of biological reality as observed 
by any observer sharing the same biological space-time as the system under con- 
sideration, will always be subjective in nature. Which follows from the fact that 
there will always be an uncertainty in observer's measurement of any biologi- 
cal system that he studies. This uncertainty will be inherent to the process of 
observation, because the observer is a part of the biological space-time that he 
wishes to observe; therefore his mere presence is going to disturb the biological 
space-time (that includes geometry of thread-mesh) in some definite manner. 
Hence a super-observer, who is not a part of biological space-time, will be able 
to notice that the more an observer (everyone of us) attempts to locate a thread- 
mesh property under observation (say, signal) in the time-domain for a precise 
measurement; the less would he able to locate it's nature in the systemic thread- 
mesh domain. Because for a very short duration of observation, the observer 
can only, at best, hope to capture a mere snap-shot of the thread dependen- 




(16) 




(17) 
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cies and a snap-shot of causality behind thread interaction behind the observed 
biological phenomenon. Although this snap-shot of these dependencies can be 
obtained in a precise manner, it will not be able to provide any insight about 
either the cause of these dependencies (between biological properties) or evolu- 
tion of the dependencies (between biological properties) . Therefore an attempt 
to locate a signal in the time-domain (preciseness in the observation manifold) 
will result in obtaining an inherently incomplete and inadequate description of 
the biological process under consideration. On the other hand, if the obser- 
vation process is carried out over a long duration of time, only the statistical 
nature of thread interactions (statistical nature of biological properties) can be 
measured and not the precise causalities and time-variant dependencies behind 
thread interactions. Thus even in this case also, only an incomplete idea of bio- 
logical reality can be found with uncertainty about the precise biological causes 
and time-variant precise dependencies (between biological properties) behind 
the process. 

2.8) Uncertainty relationship for Biology : 

The canonical conjugacy between variables chosen from thread-mesh space and 
observation manifold can be expressed in the form of an uncertainty principle for 
biology. This fundamental uncertainty in observation of any biological property 
can be mathematically expressed as : 

Theorem- 2 : If s/WlHt) ^ as |i| ^ cxd then 

and the equality holds only if b(t) is of the form b{t) = Ce""* 
Proof : The Caucliy-Schwarz inequality for any square integrable functions z(x) 
and w(x) defined on the interval [a,b] states. 
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J z{x)'w{x)dx < J \z{x)f dx J \w{x)\'^ dx (18) 



Since b(t) is real for the biological properties, an application of last equation 
yields 



let 



OO OO OO 



dh 



'dt 



/ 

— OO 

/ 



dh , 
tb—dt 
dt 

t'-mdt 



dt 



OO 



dt 



(19) 



In the limit, ^\t\b ^ ^ \t\V ^Q^tV = 0. Thus a = 0. 
Furthermore (3 = E/2 (from eq"-13) ; and so 



A = -E/2 



RecaUing that-^b{t) ^ jQB{p), by Parseval's theorem we have 

oo oo 
— oo — oo 

Substituting (eq"-20) and (eq"-21) into (eq"-19) we obtain : 



(20) 



(21) 
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^,2 



oo 

I / tbf^dtl' (22) 

— OO 

oo oo 

< J t^b^dtx^ J n'^{\B{n)\ fdn (23) 



tc^c > 2 (24) 



In the special case, if (eq"-24) is an equality, then (eq"-19) must be also; which 
is possible only if 
^b(t) = k t b(t) 

=>b(t) = Ce""*^ (a Gaussian waveform). Q.E.D 



3. Experimental works that report 

observer-dependence in understanding biological reality 

The inherent constraint of observer dependence in knowing biological reality, as 
have been proved (eq"-24) with the TM model, echoes (mathematically) the 
findings of many previous studies. The prophetic views of Ashby |Ashby, 1973| 
had stressed on the importance of acknowledging observer-dependence, so did 
Kay Kay, 1984] in his assessment of scope of application of information the- 



ory to biological systems, and so did a list of works who had touched upon 
the role of observer-dependence in the studies of emergence and complexity 
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ICasti, 1986] |Cariani, 19911 |Baas, 1994| [Brandts, 1997| . To consider particu- 
lar examples, how the studies on p53 gene mutation and/or p53 protein ex- 
pression can be observer-dependent (owing to the innate nature of immuno- 
histochemical techniques [Feilchenfeldt et al., 2003| ) and how therefore, they 
report different views of biological reality, have been documented in a review 
jlshii and Tribolet, 1998| . From a completely different paradigm of studies in- 
volving cerebral cortex, the cytoarchitectonical distinctions are also reported 
to suffer from observer-dependence, resulting in several definitions of corti- 
cal areas jKotter et al., 200T] . From using immunocytology as an observer- 
dependent standard method for tumour cell detection [Benoy et al., 2Q04] , to 
observer-dependent techniques involving immunocytochemistry in attempting 
to quantify neurodegeneration in animal models jPetzold et al., 2003] ; from pro- 
cedures of cell-counting in epidemiological studies jAraujo et al., 2004] , to ways 
of noninvasive assessments of endothehal function that usually relies on postis- 
chaemic dilation of forearm vessels and use of flow-mediated dilation measure- 
ments of brachial artery [Lee et al., 2002j ; from aspects of immunofluorescence 
testing [Meda et al., 2008] to methods involving positron emission tomography 
in the realm of radiotherapy [Jarritt et al., 2006| - observer-dependence in as- 
certaining the biological reality is well documented in myriad contexts. The 
diversity of biological realms that report observer-dependence, tend to point 
to the universal presence of it in our (observer's) attempts to know biologi- 
cal reality. From the case of so called "bystander effect", where nanoparticle 
mediated cell transfection study was reported to suffer from "observer effect" 
jZhang et al., 2007| ; to studies involving tumor peripheries in the context of 
breast tumors [Preda et al., 2003] ; experimental biology is replete with reports 
of observer dependence in understanding biological reality. 
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Some of the most startling studies in this regard prove unmistakably that ob- 
server's mere presence perturbs the biological reality. This happens because 
conducting an experiment on some system residing within biological space-time 
corresponds to an active perturbation of the thread-mesh by the observer. How- 
ever, since the observer is always a part of the thread-mesh (regardless of his 
being an experimentor or not), his sheer presence is going to perturb the thread- 
mesh geometry in some passively subtle, yet definite manner. The existence of 
the observer in the biological space-time impHes that he (observer) extracts 
necessary energy for his survival from the same pool of available energy, which 
the biological system under consideration is also using to derive energy from. 
Hence this act of sharing the available (solar) energy between the biological 
system and the observer ensures that the presence of observer perturbs the 
biological reality, across all threshold levels. This point is proved in a recent 
experimental work |De Boeck et al., 2Q08| where the authors refute the notion 
of possible existence of any "benign observer". The perturbation of biologi- 
cal reality by the very existence of the observer has been strongly reported 
in many other experimental works too [Almeida et al., 2006^ [Siegfried, 2006^ 



Lay et al., 1999 Wahlsten et al., 2003 Hik et al., 20Q3[. Even the possibility of 



an uncertainty relationship arising out of observer's interference with biologi- 
cal reality in the realm of ecology was discussed in systematic well-documented 



manner by Cahill Cahill et al., 2001 and (in philosophical terms) in another 



work Regan and Burgman, 2002 . However the uncertainty relation (eq"-24) 
is significant because it mathematically proves that for any super-observer (who 
is not a part of biological space-time) it will be clear that during any obser- 
vation process (passive/active), an attempt to measure any biological property 
exactly(typically in the time-domain, because evolution of biological properties 
are observed over relevant time-scales) will not be able to capture the complete 
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information of the same in biologically functional space. This is because pre- 
cise measurements will only capture a snap-shot of the property-dependencies 
prevalent in the system under consideration; whereas a biological meaningful 
complete description of these time-dependent and context-dependent property- 
dependencies can only be provided if the measurement is conducted over a long 
period of time; which on the other hand, due to its innate statistical nature, 
smoothen out the finer aspects of phenomenon under consideration. Hence, it 
is in the very nature of biological reality that it would not be observed in an 
objective way. 

4. Conclusion : 

A description-oriented theoretical toy model to study the nature of biological 
reality, the 'thread-mesh model', has been proposed. The necessity to con- 
struct this model originated from the reahzation that issues related to biolog- 
ical complexity can honestly be answered only when the nature of biological 
reality can be objectively described, qualitatively and quantitatively. The TM 
model attempts to mimic biological reality by, first, splitting tlie entire bio- 
logical universe into a series of biological tlircshold levels (different biological 
organization) and second; by describing the compositional, structural and func- 
tional features of these biological threshold levels (with their specific environ- 
mental constraints). The proposed model used a linear algebraic framework 
to describe biological complexity acknowledging emergence. It could describe 
and explain the context-dependent nature of biological behaviors. The role of 
observer in measuring a biological property is exhaustively examined in the pro- 
posed thread-mesh paradigm and it has been proved here that nature of biologi- 
cal reality is observer dependent. Taking a note of canonical conjugacy between 
variables chosen from biological property manifold and observation manifold, an 
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uncertainty relationship for biology has been suggested too, which proved that 
there cannot be an objective description of biological reality and therefore an 
objective and complete complexity measure can not exist for biological systems. 
The nature of biological complexity measures can only be subjective (to varying 
extent) and can only be relevant when the scope of them (biological threshold 
level) is mentioned. 
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